Background
==========

Vascular endothelial cells form a biological barrier to prevent the invasion of vascular exogenous substances across the vessel wall, and their apoptosis has been considered one of the important factors for the initiation and development of atherosclerosis \[[@b1-medscimonit-25-9811]\]. Phosphateidylinositol 3 kinase/serine-threonine kinase (PI3K/Akt) is one of the most important pathways to regulate proliferation and maintain biological characteristics of cells. Akt activated by PI3K can regulate apoptosis of cells in pleiotropic ways. The main role of Akt is anti-apoptosis although it shows apoptosis-promoting effect in some special conditions, and it may participate in the anti-apoptosis process of endothelial cells in the early period of atherosclerosis \[[@b2-medscimonit-25-9811],[@b3-medscimonit-25-9811]\].

Ticagrelor is the first oral anti-platelet agent which has direct anti-platelet aggregation effect by combining with adenosine-diphosphate (ADP) P2Y12 receptors in platelets reversibly \[[@b4-medscimonit-25-9811]\]. It has been approved to reduce the incidence of thrombus cardiovascular events in acute coronary syndrome patients and improve the function of endothelium \[[@b5-medscimonit-25-9811]--[@b7-medscimonit-25-9811]\]. In previous studies on clopidogrel, another ADP receptor antagonist, the authors found that clopidogrel-treated rabbits showed a significant reduction in progression of atherosclerosis, including low expression levels of high sensitivity C-reactive protein and platelet-derived growth factor, reduction in intima thickness, and decreased ratio of bcl-2/bax in the vascular wall. These results suggest that clopidogrel can retard the progression of established lesions that is related to inhibiting inflammation, cell proliferation, and promotion of cell apoptosis \[[@b8-medscimonit-25-9811]\].

The effect of ticagrelor on endothelial apoptosis is not completely illustrated. Hence, we established HUVECs apoptosis model by administration of ox-LDL to investigate the intervention effect and the possible molecular mechanisms of ticagrelor on the apoptosis of endothelial cells in the early period of atherosclerosis, which may provide further understanding of the molecular mechanism and new ideas for clinical treatment of atherosclerosis.

Material and Methods
====================

Cell culture
------------

HUVECs pools (purchased from Life Technologies) were plated on a 6-well plate and grown in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco, Thermo Fisher Scientific, Beijing). The medium consisted of D-glucose (4.5 g/L), L-glutamine (100 U/mL), sodium pyruvate (110 mg/L), streptomycin (100 mg/mL), penicillin (100 U/mL), and 10% heat-inactivated fetal calf serum (10% FBS) at 37°C with 5% CO~2~.

Flow cytometry
--------------

Cells were washed 3 times with phosphate buffered solution and divided into 6 groups: negative control 24-hour (NC 24h) group, NC 48h group, 50 ug/mL ox-LDL 24h group, 50 ug/mL ox-LDL 48h group, 100 ug/mL ox-LDL 24h group, and 100 ug/mL ox-LDL 48h group. For ox-LDL groups, cells were grown in 50 ug/mL or 100 ug/mL ox-LDL for 24 hours or 48 hours. After the optimum concentration and duration to induce HUVECs apoptosis were determined, the ox-LDL-induced cells were treated with different dose of ticagrelor; ticagrelor dissolved in dimethyl sulfoxide (DMSO) was added at a final concentration of 20 μmol/L, 40 μmol/L, or 60 μmol/L. Therefore, the cells were divided into 5 groups: NC group, ox-LDL group, ox-LDL+20 μmol/L ticagrelor (ox-LDL+T20) group, ox-LDL+T40 group, and ox-LDL+T60 group. For the detection of apoptosis, HUVECs (1×10^6^) were stained with Annexin V conjugated fluorescein isothiocyanate (FITC) and propidium iodide (PI) by using AV-FITC kit according to the manufacturer's guidelines. No less than 20 000 cells were attained in a FACSVerse flow cytometer. Then the stained cells were examined with 488 nm excitation filter and a 525 nm for FITC and a 620 nm filter for PI detection. This staining allowed us to separate 3 subsets of cells, Annexin V negative/PI negative represented viable cells, Annexin V positive/PI negative indicated early apoptotic cells, and Annexin V positive/PI positive indicated late apoptotic and necrotic cells.

Western blot
------------

Western blot analysis was used to determine the protein expression levels of Akt, p-Akt, Bcl-2, Bax, caspase-3, total eNOS, and β-actin. Briefly, cells were lysed in RIPA buffer (KeyGEN BioTECH, Nanjing) and phenylmethylsulfonyl fluoride (KeyGEN BioTECH), and protein concentration was quantified by BCA Protein Assay Kit (Thermo Scientific, Wilmington). The samples (about 10 μg same amount of total protein) were separated on 8% PAGE gels followed by transferring to PVDF membranes, and the membranes were incubated overnight at 4°C with the following primary antibodies: β-actin (Proteintech, Danvers, MN, USA, 1: 4000), Akt (Cell Signaling, Boston, MA, USA, 1: 1000), p-Akt (Abcam, Branford, CT, USA, 1: 7500), Bcl-2 (Abcam, Inc, Cambridge, UK, 1: 2000;), Bax (Abcam, Inc, Cambridge, UK, 1: 2000;), caspase-3 (Cell Signaling, 1: 2000), eNOS (Franklin Lakes, NJ, USA), and washed 3 times with TBS+Tween (TBST), and then the membranes were incubated with secondary peroxidase-conjugated antibodies for 1 hour at room temperature. After washed 3 times with TBST, membranes were developed using Western Lightning ECL Pro (PerkinElmer, Waltham, MA, USA). And the band intensity was assessed using ImageJ laboratory software, β-actin was used as standardization for the quantitative assessment of western blot.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Concentration of NO in HUVEC was evaluated by enzyme-linked immunosorbent assay (ELISA) (Cell Signaling, Danvers, MA, USA) according to the manufacturer's instructions. Briefly, HUVECs were treated with different dose of ticagrelor for 24 hours. Quantitative analysis of NO was performed after 24-hour incubation. After the protein concentration was quantified by BCA kit, about 10 μg of total protein was added to each well. Data were acquired at 550 nm.

Statistical analysis
--------------------

All data are expressed as mean±standard error and compared with one-way ANOVA followed by Bonferroni correction, 2-tailed unpaired Student's *t*-test was used for comparison between the 2 groups. GraphPad Prism 6.0 was used for data statistical analysis. *P* value \<0.05 was considered as statistically significant.

Results
=======

Ox-LDL induced significant apoptosis in HUVECs
----------------------------------------------

After induced via 50 ug/mL and 100 ug/mL ox-LDL for 24 hours and 48 hours, our results showed that the apoptosis rate in HUVECs was increased in a time-and dose-dependent manner. After stimulated with 50 ug/mL ox-LDL, the late apoptosis and necrosis rates were 19.06±1.65% and 11.86±0.43% at 24 hours, and 18.95±1.98% and 30.83±1.95% at 48 hours, respectively. And stimulated with 100 ug/mL ox-LDL, the late apoptosis and necrosis rates were 16.96±1.05% and 33.06±3.03% at 24 hours, and 17.37±0.67% and 43.12±2.55% at 48 hours, respectively ([Figure 1](#f1-medscimonit-25-9811){ref-type="fig"}). [Figure 1](#f1-medscimonit-25-9811){ref-type="fig"} shows that comparison with other groups: 50 ug/mL ox-LDL and 24 hours induced relatively higher apoptosis rate and relatively necrosis rate. Therefore, the optimum concentration and duration to induce HUVECs apoptosis by ox-LDL might be 50 ug/mL and 24 hours.

Ticagrelor dose-dependently reduced ox-LDL-induced apoptosis in HUVECs
----------------------------------------------------------------------

Compared with ox-LDL group, the apoptosis rate was significantly decreased after the intervention of ticagrelor in 50 ug/mL ox-LDL-induced HUVECs model at 24 hourd, and a dose-dependent improvement in ticagrelor groups was observed. The late apoptosis rate in NC, ox-LDL, ticagrelor~20~, ticagrelor~40~, ticagrelor~60~ groups were 1.06±0.15%, 15.34±1.47%, 6.51±1.49%, 4.63±0.39%, and 3.42± 0.09% respectively ([Figure 2](#f2-medscimonit-25-9811){ref-type="fig"}).

Ticagrelor attenuated ox-LDL-induced HUVECs apoptosis through the Akt pathway
-----------------------------------------------------------------------------

Compared with NC group, the expression levels of anti-apoptosis related factors Akt, p-Akt, and Bcl-2 were significantly decreased, the expression levels of pro-apoptosis factors Bax and caspase-3 were significantly increased, and the expression level of antioxidant factor eNOS was also significantly decreased in the ox-LDL group. In addition, p-Akt/Akt and Bcl-2/Bax were significantly decreased in the ox-LDL group compared to the NC group. These changes were significantly improved in the ticagrelor group ([Figure 3](#f3-medscimonit-25-9811){ref-type="fig"}). As for NO concentration, NO concentration was significantly decreased in ox-LDL group compared with the NC group, while NO concentration in the ticagrelor groups was significantly increased ([Figure 4](#f4-medscimonit-25-9811){ref-type="fig"}).

Discussion
==========

In this study, we found that ox-LDL induced significant apoptosis and necrosis in our model, and the optimum concentration and duration to induce HUVECs apoptosis by ox-LDL might be 50 ug/mL and 24 hours. We also found that ticagrelor can dose-dependently attenuate ox-LDL-induced apoptosis in HUVECs. In addition, these changes might be explained by alterations in apoptosis and antioxidant pathways.

Ticagrelor is an antagonist for G protein coupled receptor P2Y12, which is activated by adenosine diphosphate. It not only inhibits platelet activation and aggregation by antagonizing P2Y12 receptor, but also has several anti-inflammatory effects. Li et al. \[[@b9-medscimonit-25-9811]\] showed that the atherosclerotic lesion in apoE^−/−^/P2Y12^−/−^ double knockout mice was significantly reduced compared to control mice. A previous study on ticagrelor also found that ticagrelor has a protective effect in endothelial function through decreasing circulating epidermal growth factor, which leads to the activation of eNOS in the vascular endothelium \[[@b10-medscimonit-25-9811]\]. Ticagrelor can inhibit the activity of equilibrative nucleoside transporter 1 (ENT1), which inhibits cellular adenosine uptake and elevated adenosine content in the blood \[[@b11-medscimonit-25-9811]\]. In addition, many *in vitro* studies have also found that ticagrelor can induce adenosine triphosphate release from human red blood cells \[[@b12-medscimonit-25-9811]\]. A recently animal experiment found that ticagrelor promoted atherosclerotic plaque stability in a mouse model of advanced atherosclerosis, which was induced by a reduction of ox-LDL uptake in RAW 264.7 macrophages \[[@b13-medscimonit-25-9811]\]. However, the anti-atherosclerosis mechanisms of this compound remained largely unclear.

Apoptosis in endothelial cell has been implicated in the development of early period of atherosclerosis. Previous studies have showed that the increased apoptosis rate of endothelial cells was observed in atheromatous plaques, leading to monocyte adhesion and the formation of foam cell, which may play an important role in the maintenance and development of atherosclerosis \[[@b14-medscimonit-25-9811]\]. Thus, it is urgent to identify the effective protection against endothelial cell apoptosis. In our study, we found that ticagrelor dose-dependently reversed ox-LDL-induced apoptosis rate in our model. To further clarify the potential mechanisms, Akt and its associated apoptosis pathways were detected.

Abnormal expression levels of apoptotic factors were generally associated with the process of apoptosis, these factors consisted of anti-apoptotic Bcl-2, pro-apoptotic Bax, and so on. One of the most classical apoptosis pathways is that Bax forms oligomers, which transfer from cytoplasm to mitochondrial membrane, leading to mitochondrial membrane depolarization \[[@b15-medscimonit-25-9811]\]. Subsequently, cytochrome C is released from mitochondria into the cytoplasm and triggers the activation of caspase pathway, thus promoting cell apoptosis \[[@b16-medscimonit-25-9811]\]. Upon apoptotic stimulation, the expression level of Bax is usually increased, which will lead to a decreased expression level of Bcl-2 \[[@b17-medscimonit-25-9811]\].

In our study, our results demonstrated that ox-LDL led to increased expression levels of Bax and caspase-3, and decreased the expression level of Bcl-2 in our model, and the Bcl-2/Bax ratio was significantly decreased, and these changes were improved following exposure to ticagrelor. Furthermore, ticagrelor attenuated the ox-LDL-induced apoptosis in HUVECs. Consequently, we found that compared with the NC groups, the expression levels of Akt and p-Akt were significantly decreased in ox-LDL groups. However, the expression levels of Akt and p-Akt were significantly elevated in ticagrelor group, which suggested that ticagrelor improved ox-LDL-induced apoptosis in our model mainly through the Akt signaling pathway. We speculated that ticagrelor can activate the Akt signaling pathway, which plays an important role of anti-apoptotic effects.

Nanhwan et al. \[[@b18-medscimonit-25-9811]\] found that, unlike clopidogrel, ticagrelor can dose-dependently reduce the area of myocardial infarction, and dependent on adenosine-receptor activation with downstream upregulation of endothelial nitric oxide synthase and COX2 activity. However, clopidogrel didn't have similar effects of ticagrelor. Gündüz et al. \[[@b7-medscimonit-25-9811]\] also found that ticagrelor sensitizes endothelial cell barrier function by inducing Ca2+ influx and activating downstream endothelial cell contractile machinery. We also found that ticagrelor has antioxidant properties. As compared to the ox-LDL group, eNOS and NO were significantly increased in the drug intervention group. The result might be correlated with the Akt signaling pathway, due to p-Akt can stimulate eNOS activation and NO increase \[[@b19-medscimonit-25-9811]\]. From this result, ticagrelor can reduce the ox-LDL-induced damage to HUVECs oxidative stress and protect the function of endothelial cells through Akt/eNOS signaling pathway.

Conclusions
===========

In conclusion, our data demonstrate that ticagrelor can dose-dependently reduce endothelial apoptosis via a pleiotropic effect on the Akt signaling pathway, which affects the apoptosis pathway.

Limitations
-----------

Despite our novel findings, the study had some limitations. Firstly, we did not detect the expression of cleaved-caspase-3. Secondly, we did not detect the apoptosis rate and necrosis rate in HUVECs with a less dose of ox-LDL. Thirdly, we did not elucidate the effects of ticagrelor on the activation of the Akt pathway by using Akt inhibitors, future studies focusing on the application of Akt inhibitors are warranted. Fourthly, detection of antioxidant pathway related proteins was insufficient in our experiments, future studies focusing on the detection of antioxidant pathways are warranted.
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![Representative flow cytometric data from HUVECs. The lower left quadrant represents living cells, the lower right quadrant represents early apoptosis cells, the upper left quadrant and the upper right quadrant represent late apoptosis and necrosis cells. (**A**) NC 24 h; (**B**) NC 48 h; (**C**) 50 ug/mL ox-LDL 24 h; (**D**) 50 ug/mL ox-LDL 48 h; (**E**) 100 ug/mL ox-LDL 24 h; (**F**) 100 ug/mL ox-LDL 48 h. (**G**) Comparison of apoptosis and necrosis rates in each group. \* Indicates significant difference between the 2 groups at *P*\<0.05.](medscimonit-25-9811-g001){#f1-medscimonit-25-9811}

![Representative flow cytometric data from HUVECs. The lower left quadrant represents living cells, the lower right quadrant represents early apoptosis cells, the upper left quadrant and the upper right quadrant represent late apoptosis and necrosis cells. (**A**) NC group; (**B**) ox-LDL group; (**C**) ox-LDL+ticagrelor20 group; (**D**) ox-LDL+ticagrelor40 group; (**E**) ox-LDL+ticagrelor60 group; (**F**) Comparison of apoptosis rate in each group. Ticagrelor can dose-dependently reduced ox-LDL induced apoptosis, in the histogram, \* Indicates significant difference between the 2 groups at *P*\<0.05.](medscimonit-25-9811-g002){#f2-medscimonit-25-9811}

![(**A**) Representative photographs of Western blot. Comparison of protein expression levels of Akt (**B**), p-Akt (**C**), Bcl-2 (**D**), Bax (**E**), caspase-3 (**F**), and eNOS (**G**) determined by Western blot. (**H**) p-Akt/Akt; (**I**) Bcl-2/Bax.](medscimonit-25-9811-g003){#f3-medscimonit-25-9811}

![NO concentration determined by enzyme-linked immunosorbent assay (ELISA) in each group. \* Indicates significant difference between 2 groups at *P*\<0.05.](medscimonit-25-9811-g004){#f4-medscimonit-25-9811}
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